IntroductIon: survivors of esophageal atresia and tracheo-esophageal fistula (ea-TeF) often suffer chronic respiratory tract disease. ea-TeF results from abnormal emergence of the trachea from the foregut. This study in a rat model tests the hypothesis that primary lung maldevelopment might be a downstream consequence of this defect. results: The lung was hypoplastic in rats with ea-TeF although the histological pattern was normal. Maturation and arteriolar wall thickness were unchanged, but mesenchymal control of airway branching was weakened. This branching was deficient from embryonal day (e13) on in adriamycin-treated explants. dIscussIon: In conclusion, the lungs were hypoplastic in rats with experimental ea-TeF due to defective embryonal airway branching. however, arteriolar wall and respiratory epithelial patterns remained normal. These findings suggest that similarly defective lung development might contribute to chronic respiratory disease in ea-TeF patients. Methods: Pregnant rats received either 1.75 mg/kg i.p. adriamycin or vehicle on e7, e8, and e9. Lungs were recovered at e15, e18, and e2. Lung weight/body weight ratio, total DNa and protein, radial alveolar count, arteriolar wall thickness, lung maturity, and mesenchymal control of airway branching were assessed. e13 lungs were cultured for 72 h and explant airway branching was measured daily. For comparisons, nonparametric tests (*P < 0.05) were used.
I
n most cases of esophageal atresia (EA), the upper esophagus ends in a blind pouch whereas the distal esophagus is replaced by a tracheo-esophageal fistula (TEF). This malformation (EA-TEF) occurs in 1:2,500 to 3,000 births, and as current survival approaches 90% (1), long-term sequelae have become the focus of attention.
EA-TEF is often associated with other malformations that may cluster in syndromes (Feingold), or VACTERL (Vertebral, Anal, Cardiac, Tracheo-esophageal, Renal, and Limb) or CHARGE (Coloboma, Heart, choanal Atresia, growth Retar dation, esophageal atresia, Genitourinary, Ear) associations. Respiratory tract malformations can also occur, and this is not surprising because defective division of the embryonal foregut into esophagus and trachea (2) is the main pathogenic mechanism involved.
Survivors of EA-TEF often experience hoarse cough, repeated pneumonia or atelectasis, bronchiectasis, and chronic bronchitis. Peptic bronchitis (3), gastro-esophageal reflux (4), or the fistula stump account for these sequelae, but malformations of the airway or lung parenchyma (3) or lung hypoplasia might also play a role (5) .
Research on the structure of the respiratory tract in human EA-TEF was limited for various reasons, and animal models became necessary for this purpose. Relatively straightforward pharmacologic models were preferred to knockout mice for retinoic acid receptors (6) , thyroid transcription factor 1 (TTF-1) (7), shh/Gli2-Gli3 cascade genes (8) , fibroblast growth factor-10 (Fgf10) (9) , and Foxf1 (10), Nog (11) , and Hox genes (12) in which various components of the VACTERL phenotype are also reproduced. Administration of adriamycin (doxorubicin) to pregnant rats (13) and mice (14) accurately reproduced a phenotype of EA-TEF with VACTERL syndrome (13, 15, 16) . Abnormal embryology of the esophagus (2) and of other organs in this model allowed better understanding of some pathogenic mechanisms (17) .
We hypothesized that the abnormal mechanisms of tracheoesophageal separation leading to EA-TEF might extend downstream, compromising airway branching and, ultimately, lung growth and structure. If such is the case, even subtle deficiencies of broncho-alveolar branching, overall growth at birth, or pulmonary maturity could participate both in neonatal or in late respiratory tract disease in these patients. This study tests this hypothesis in rats with experimental EA-TEF.
Results
The numbers of control and adria-exposed broods were 20 and 35, respectively, and the corresponding numbers of embryos and fetuses were 217 and 199, respectively. The proportion of EA-TEF in treated mothers was 79.4%. (Adria noEA) ones. There were no differences between the two groups of pups that were exposed to adriamycin. Radial alveolar count showed that airway branching was significantly decreased in both groups of adria-treated rats in comparison with controls. However, these animals had a compensatory larger alveolar diameter. The arterial vessels were apparently identical in all groups, with no differences in pulmonary artery wall thickness. Figure 2 shows that total DNA and protein were diminished at embryonal day 21 (E21) in adria-treated lungs in comparison with controls, revealing decreased cell mass. TTF-1 protein was unchanged in adria-exposed animals. It should be noted that due to the lack of morphometric differences between animals with and without EA-TEF, only those with the malformation were tested. 2. Lung histology: The histologic pattern of the lungs near term was quite similar in the three groups. The organs were at the canalicular-saccular stage of maturation with quite well-developed air spaces separated by thin walls in which the contact with capillaries was apparently normal. Respiratory epithelium was mainly constituted by cuboidal type II pneumocytes that stained normally for TTF-1 (Figure 3) . 3 . Molecular control of branching: Fgf10 mRNA was similar in the lungs of E15 and E18 animals as compared with controls, but it was significantly decreased near term (Figure 4) . Again here, only animals with EA-TEF were assessed. 4 . Embryonal tracheo-bronchial branching: As shown in Figure 5 , E13 explants (0 h) were smaller in embryos from both adriamycin-exposed groups, and they developed poorly in the ensuing days in comparison with controls. In Adria EA embryos, the fistula was apparent (arrows) and showed some distal branching after 48 to 72 h in culture. The structure of the large bronchi was abnormal in some Adria noEA embryos with some cystic dilatations (dots). The histograms in Figure 6 show that explant surface and perimeter were significantly smaller in adriaexposed embryos in comparison with controls. The same poor development was seen in terms of terminal buds.
DIsCussIon
Our results demonstrate that in the most widely used animal model of EA-TEF, the lungs were definitely hypoplastic as a consequence of impaired airway branching. However, as shown by TTF-1 immunostaining and protein expression, neither the maturational status at term nor the arteriolar wall thickness were significantly affected. TTF-1 or Nkx.2.1 is downregulated in lung hypoplasia associated with congenital diaphragmatic hernia (18) in which there is also arteriolar wall thickening and hyper-reactivity, which are absent in EA-TEF. This transcription factor is closely related to tracheo-esophageal cleavage and to lung development because TTF-1 −/− mice have rudimentary lungs and abnormal tracheo-esophageal separation (7).
The experiments with explants showed that this pulmonary hypoplasia was determined very early. In these experiments, adriamycin was given between E7 and E9, and tracheo-esophageal cleavage occurred in rats between E11 and E12 (2). The lungs were cultured on E13, and, at that point, adriamycin-exposed embryonal organs were already smaller and less branched than controls. Their development remained impaired until the end of the experiment, and it is significant that Fgf10, a key mesenchymal regulator of the process of endodermal branching (19) (20) (21) (22) whose expression is delayed in mouse embryos exposed to adriamycin (23) , was also downregulated in rats with EA-TEF at the end of gestation.
The role of airway tract decompression through the fistula as a possible explanation for this lung hypoplasia in other . lungs of Adria eA rats were hypoplastic (decreased lung weight/body weight ratio (lung W/body W)) (a) in comparison with controls (n = 21) due to deficient airway branching (decreased RAC) (b). the sacculo-alveolar spaces (c) were wider and the arteriolar wall thickness (d) was unchanged. there was no difference between Adria eA (n = 31) and Adria noeA fetuses (n = 9). Means ± sD. *P < 0.05. Adria eA, treated with adriamycin and eA-teF; Adria noeA, treated with adriamycin without eA-teF; eA-teF, esophageal atresia and tracheo-esophageal fistula; RAC, radial alveolar count. 
Articles
Lung hypoplasia in esophageal atresia conditions, like fetal tracheostomy (24) , should be ruled out in our experiments, because it occurred both in embryos with and in embryos without fistula. It is of particular interest that there were some abnormal dilatations of the large bronchi in adriamycin-exposed animals and that the distal part of the fistula, isolated from the embryonal environment, was able to branch, probably as a result of local endodermal-mesenchymal molecular interactions. These observations are not the focus of this study and require further investigation.
Respiratory tract defects were observed many years ago in EA-TEF survivors: lung agenesis (25) or hypoplasia (26) , tracheal stenosis (27) , and pulmonary cysts (28) or sequestrations (29) were occasionally reported. Respiratory malformations were found in 2.8% of patients and in 13.2% of autopsies, suggesting that they might be underdiagnosed (30) . This proportion amounted to 13.3% in VACTERL patients (31) , and it approached 50% when malformations were specifically examined (32) .
Respiratory tract symptoms are constant in EA-TEF patients. Tracheomalacia related to abnormal tracheal rings or tracheal compression is quite common and usually tapers off with more or less energetic treatment weeks or months after EA-TEF repair (33, 34) . Other symptoms may persist for years. Of 100 EA-TEF survivors, 78 had more than 3 episodes of bronchitis/ year that lasted much longer in 48%. Recurrent milk inhalation was considered to be a likely explanation (3). Repeated pneumonia occurs in up to 30% of survivors (35) , constrictive bronchitis in 40-70% (36,37), obstructive or restrictive respiratory disease in 18-35% (36) (37) (38) , and bronchial hyper-reactivity in more than 20% of them (36, 37) . The possible influence of gastro-esophageal reflux on these symptoms was repeatedly evoked, but other causes were also mentioned (4, 36) . Up to one-third of EA-TEF patients had impaired quality of life (39) , and 32% of those aged 5 to 10 y and 8% of those older than 15 y missed school more than 2 wk per year for these reasons (35) . A recent follow-up study of a large cohort of adult EA-TEF survivors revealed that 21% had restrictive respiratory disease, 21% had obstructive respiratory disease, and 36% had both ventilatory defects. In addition, 41% had bronchial hyperreactivity often consistent with asthma, and these patients had overall impaired respiratory quality of life in comparison with a group of age-matched controls (40) . Postoperative rib fusions, scoliosis, and gastro-esophageal reflux were found to account in part for these respiratory sequelae, but other explanations are possible.
Unfortunately, autopsy lung material from EA-TEF patients is relatively scarce, and, when available, it is rarely suitable for structural and molecular studies. A study of 3.3 million births from California revealed that 53 of 893 infants with EA-TEF also had lung hypoplasia. This diagnosis was firmly established upon autopsy in most cases, although unfortunately, Figure 3 . lung histologies in Adria eA and Adria noeA fetuses were similar to controls except for slightly wider air spaces (hematoxylin-eosin (He), ×100, a-c). epithelial maturation was similar in the three groups (ttF-1 immunostaining ×200, d-f). Bars = 100 µm. Adria eA, treated with adriamycin and eA-teF; Adria noeA, treated with adriamycin without eA-teF; eA-teF, esophageal atresia and tracheo-esophageal fistula; ttF-1, thyroid transcription factor 1. . lung branching regulation (Fgf10 mRnA) of Adria eA rats was similar to that of controls on the 15th and 18th gestational days, but it was significantly deficient on the 21st day. Adria eA and Adria noeA lungs were pooled due to their similar weight, RAC, and histology. Means ± sD. *P < 0.05. Adria eA, treated with adriamycin and eA-teF; Adria noeA, treated with adriamycin without eA-teF; eA-teF, esophageal atresia and tracheo-esophageal fistula; RAC, radial alveolar count. Articles Xiaomei et al.
no histological description was made (5). These observations demonstrated that patients with EA-TEF can have abnormal lung structure, particularly when they have associated malformations, and this could account for respiratory morbidity. The use of a pharmacologic rodent model for these investigations seems largely justified as all features of VACTERL association are strikingly reproduced: laryngo-tracheal ring anomalies leading to stenosis and tracheomalacia are similar in rats and infants with EA-TEF (41) (42) (43) , and the entire spectrum of communicating or noncommunicating foregut malformations seen in infants (sequestrations, cysts, duplications) is reproduced in rats (44) (45) (46) (47) . If the embryologic mechanisms of EA-TEF in infants and rats are similar and the malformations observed in the respiratory tract are identical, it is likely that failures of parenchymal development are also of the same nature in both settings. Previous studies on lung parenchyma in the adriamycin rat model found fairly normal canalicularsaccular patterns (48) and hypoplasia with reduced density of type I pneumocytes (49) , although, unfortunately, the authors did not attempt to assess branching or lung mass.
Finally, the issue of whether lung growth deficiencies similar to those demonstrated in the rat fit with the pattern of respiratory symptoms observed in EA-TEF survivors should be discussed. In the neonatal period, shortly after repair, there are enough explanations for these symptoms: thoracotomy itself, pneumothorax, peptic bronchitis, the fistula stump, aspiration, and other. Deficient drainage through the sometimes-misplaced upper-right lobe bronchus causes atelectasis (50) . Recurrent fistula may produce discrete or severe symptoms (51) . The fact that newborns with EA-TEF do not suffer symptoms of lung immaturity or persistent pulmonary hypertension like those observed in congenital diaphragmatic hernia (another condition in which marked lung hypoplasia is present (ref. 52,53) ) fits the pattern of less conspicuous lung hypoplasia described in our study. In a parallel investigation of the long-term respiratory morbidity of EA-TEF and congenital diaphragmatic hernia survivors, it was demonstrated that 25% of cases in both groups had forced expiratory volume decreased by −2 z scores and that both had similar degrees of compromise of maximal exercise performance (54) . Pulmonary hypoplasia persisting after the neonatal period will be a likely explanation. Mild restrictive lung volumes were measured in EA-TEF survivors beyond the age of 40 (55), and as this restrictive pulmonary disease was similar in patients with and without gastro-esophageal reflux, tracheomalacia, and stenosis, alternative explanations were considered necessary (56) .
This study consistently demonstrates that lung development is deficient in rats with EA-TEF in which most features of the human condition are faithfully reproduced. Structural studies of lung development in autopsies of patients are necessary to examine if these lesions are also present.
MetHoDs

Experimental Design
After IdiPAZ Animal Care Committee approval (AP 7795-2010), timed pregnant rats (gestational day 0, E0 = sperm in vaginal smear) were treated with either 1.75 mg/kg i.p. adriamycin (Farmiblastina. Pharmacia, Madrid, Spain) or saline on E7, E8, and E9. Three groups of offspring were compared: Control, Adria noEA, and Adria EA. Lung weight and cell mass, airway branching, parenchymal structure, arteriolar wall thickness, and epithelial maturity (TTF-1) were examined at E21. Mesenchymal control of branching (Fgf10) was assessed at E15, E18, and E21. Embryonal airway branching was observed for 3 d in cultured lungs explanted on E13 aiming at ruling out external influences including those derived from urinary contribution to amniotic fluid (57) .
Lung Harvesting and Structural Studies
At the elected end points, animals were killed and the embryos were dissected. The lungs were retrieved, weighed, and processed. DNA was extracted from snap-frozen tissue with the QIAamp DNA Micro kit (Qiagen, Las Rozas, Spain), and total DNA content was determined with a spectrophotometer (Nano Drop; Fisher Scientific, Madrid, Spain) at 260 µm. Total protein was measured using the BCATM protein assay kit (Pierce; Thermo Fisher Scientific, Rockford, IL). Histologic and immunohistochemical studies were carried out in fixed material. After tracheal cannulation, 4% paraformaldehyde was injected at <10 cm/H 2 O for alveolar distention, and the lungs were then fixed for 24 h. After inclusion in paraffin, 5-µm sections were stained with hematoxylin and eosin, periodic acid, and Masson stainings. Immunohistochemical staining was performed using standard techniques with anti-TTF-1 antibody (Dako Cytomation, Glostrup, Denmark). With the assistance of image analysis software (Image Pro-Plus; Media Cybernetics, Figure 6 . In vitro deficient airway branching in terms of airway surface, airway perimeter, and number of terminal buds of lung explants from Adria eA (white bars) and Adria noeA embryos (black bars) in comparison with controls (gray bars). no differences between Adria eA and Adria noeA embryos. Means ± sD. *P < 0.05. Adria eA, treated with adriamycin and eA-teF; Adria noeA, treated with adriamycin without eA-teF; eA-teF, esophageal atresia and tracheo-esophageal fistula. 
Articles
Lung hypoplasia in esophageal atresia
Washington, DC), radial alveolar count, according to Emery and Mithal (58) , was measured in five areas of three lung sections from five fetuses per group. The largest two diameters of the transected, distended alveoli were measured and averaged. Ten peripheral arterioles with diameters ranging from 50 to 150 µ inform three lung sections from five fetuses per group were selected and the wall thickness in proportion to arterial width ((external diameter − luminal diameter) / external diameter) was measured.
Immunoblotting TTF-1 protein levels were measured in homogenized lungs in cell disruption buffer (Protein Isolation System Paris, Ambion, TX). The protein content of 50 µg of tissue was measured using a protein assay kit (Pierce; BCA Protein Assay Kit, Rockford, IL). Western blotting was performed with 12% SDS-polyacrylamide gel with anti-TTF-1 antibody (1:6,000; Dako Cytomation, Glostrup, Denmark), and the values were normalized to anti-Cu/Zn superoxide-dismutase (1:1,000, Stressgen, MI).
mRNA Isolation and cDNA Synthesis Total mRNA was isolated from frozen lungs using the High Pure RNA Tissue Kit (Roche Applied Science, Mannheim, Germany). Concentration and purity of RNAs were determined spectrophotometrically. RNA integrity was analyzed by 1% agarose gel electrophoresis; 1 μg of total RNAs was retrotranscripted to complementary DNAs (cDNAs) by reverse transcription reactions in a 100 μl vol using a High Capacity Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA). All cDNAs were stored at −80 °C until further use.
Reverse-Transcriptase PCR (RT-PCR)
Fgf10 mRNA lung expression was quantified in a Light Cycler 480 with TaqMan probes (Universal Probe Library: no. 111, cat. no. 04693442001; Roche Diagnostics, Barcelona, Spain). Primers used were 5´-TGGAAATGGATACTGACACATTG-3´ and 5´-CTGCTGTTGC TGCTTGT-3´. All RT-PCR reactions were run in duplicate in a total reaction volume of 10 μl using 10 ng of cDNA obtained as described earlier.
RT-PCR conditions were 95 °C for 10 min, followed by 45 cycles at 95 °C for 10 s, 60 °C for 30 s, and 72 °C for 1 s. Results were normalized to the expression of the 18S (Assay ID: HS99999901_S1; Applied Bio systems, Carlsbad, CA). The relative mRNA levels were determined by calculating the threshold cycle of each gene using the threshold cycle method.
In Vitro Lung Explant Studies
Embryos were recovered at E13 in sterile conditions and the tracheopulmonary bloc was transferred to culture Constar-Transwell cells (Corning, Madrid, Spain) with culture medium (DMEM/F12; Gibco, Barcelona, Spain) with 10% bovine fetal serum, 100 IU/ml penicillin, and 100 μg/ml streptomycin that was changed every 24 h. Incubation was done with 20.9% O 2 and 5% CO 2 at 37 °C for 72 h. Control (n = 55), Adria EA (n = 57), and Adria noEA (n = 17) lungs were studied. At 0, 24, 48, and 72 h of culture, the explants were examined under inverted microscope (Leica TCS SP5, Barcelona, Spain) at 37 °C and pictures were taken. Airway surface, perimeter, and number of terminal buds (59) were measured.
Variables
Lung weight/body weight (%), total lung DNA and proteins (μg), alveolar radial count (n), alveolar diameter (μm), arteriolar wall thickness (%) were determined as well as alveolar maturity according to the distribution of TTF-1 positive cells, TTF-1 protein, and late gestational control of branching (Fgf10 mRNA). Explant surface in mm 2 , airway perimeter in mm and number of terminal buds were also determined.
Statistical Methods
Mean values from the different groups were compared with nonparametric methods (Mann-Whitney for two groups and Kruskall-Wallis for more than two groups). When appropriate, parametric methods (ANOVA or Student's t test) were preferred. The null hypothesis was rejected if the differences were >5% (P < 0.05).
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